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A n A utom ated C luster Finder: the A daptive M atched Filter
Jerem y K epner1;2,XiaohuiFan1,Neta Bahcall1,Jam esG unn1,RobertLupton1 and G uohong Xu1
A B ST R A C T
W e describe an autom ated m ethod for detecting clusters ofgalaxies in im aging
and redshiftgalaxy surveys. The Adaptive M atched Filter (AM F) m ethod utilizes
galaxy positions,m agnitudes,and| when available| photom etric or spectroscopic
redshiftsto nd clustersand determ ine theirredshiftand richness.The AM F can be
applied to m osttypesofgalaxy surveys:from two-dim ensional(2D)im aging surveys,
to m ulti-band im aging surveyswith photom etric redshiftsofany accuracy (21
2
D),to
three-dim ensional(3D)redshiftsurveys.TheAM F can also beutilized in theselection
ofclustersin cosm ologicalN-body sim ulations.TheAM F identiesclustersby nding
the peaksin a cluster likelihood m ap generated by convolving a galaxy survey with
a lter based on a m odelofthe cluster and eld galaxy distributions. In tests on
sim ulated 2D and 21
2
D data with a m agnitude lim itofr0 23:5,clustersare detected
with an accuracy ofz  0:02 in redshiftand  10% in richnessto z< 0:5.Detecting
clustersathigherredshiftsispossible with deepersurveys. In thispaperwe present
the theory behind the AM F and describetestresultson synthetic galaxy catalogs.
1. Introduction
Clusters ofgalaxies| the m ost m assive virialized system s known| provide powerfultools
in the study ofcosm ology: from tracing the large-scale structure ofthe universe (Bahcall1988,
Huchra etal1990,Postm an,Huchra & G eller 1992,Dalton etal1994,Peacock & Dodds1994
and referencestherein)to determ ining the am ountofdark m atteron M pc scales(Zwicky 1957,
Tyson,Valdes & W enk 1990,K aiser & Squires1993,Peebles 1993,Bahcall,Lubin & Dorm an
1995,Carlberg etal1996) to studying the evolution ofcluster abundance and itscosm ological
im plications (Evrard 1989,Peebles,Daly & Juszkiewicz 1989,Henry et al1992,Eke,Cole &
Frenk 1996,Bahcall,Fan & Cen 1997,Carlberg etal1997,O ukbir& Blanchard 1997).Theabove
studies place som e ofthe strongest constraints yet on cosm ologicalparam eters,including the
m ass-density param eteroftheuniverse,theam plitudeofm assuctuationsata scaleof8 h 1 M pc
and thebaryon fraction.
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The availability ofcom plete and accurate clustercatalogsneeded forsuch studiesislim ited.
O ne ofthe m ostused catalogs,the Abellcatalog ofrich clusters(Abell(1958),and itssouthern
counterpartAbell,Corwin & O lowin 1989),hasbeen extrem ely usefuloverthe pastfourdecades.
This catalog,which contains  4000 rich clusters to z< 0:2 over the entire high latitude sky,
with estim ated redshiftsand richnessesforallclusters,wasconstructed by visualselection from
the Palom arSky Survey plates,using well-dened selection criteria. The Zwicky clustercatalog
(Zwicky etal1961-68)wassim ilarly constructed by visualinspection.
The need for new,objective,and accurate large-area cluster catalogs to various depthsis
growing,following the im portantuse ofclustersin cosm ology. Large area sky surveysusing CCD
im aging in one orseveralcolors,aswellasredshiftsurveys,are currently planned orunderway,
including,am ong others,the Sloan DigitalSky Survey (SDSS).Such surveys willprovide the
data needed for constructing accurate cluster catalogs that willbe selected in an objective
and autom ated m anner. In orderto identify clusters in the new galaxy surveys,a robustand
autom ated clusterselection algorithm isneeded.W e proposesuch a m ethod here.
Clusteridentication algorithm s have typically been targeted atspecic surveys,and new
algorithm shave been created aseach survey iscom pleted.Abell(1958)wasthe rstto develop a
well-dened m ethod forclusterselection,even though the identication wascarried outby visual
inspection (see,e.g.,M cG ill& Couchm an 1990 fora analysisofthism ethod). O theralgorithm s
have been created forthe APM survey (Dalton etal1994,Dalton,M addox & Sutherland 1997;
see Schuecker & Bohringer 1998 for a variant ofthis m ethod),the Edinburgh-Durham survey
(ED;Lum sden etal1992),and the Palom arDistantClusterSurvey (PDCS;Postm an etal1996;
seealso K awasakietal1997 fora variantofthism ethod;and K leyna etal1996 foran application
thism ethod to nding dwarfspheroidals). Allthe above m ethodswere designed forand applied
to two-dim ensionalim aging surveys.
In this paper we present a welldened,quantitative m ethod,based on a m atched lter
techniquethatexpandson som eofthepreviousm ethodsand providesa generalalgorithm thatcan
be used to identify clustersin any type ofsurvey.Itcan be applied to 2D im aging surveys,21
2
D
surveys(m ulti-band im aging with photom etric redshiftestim ates ofany accuracy),3D redshift
surveys,aswellascom binationsofthe above (i.e. som e galaxieswith photom etric redshiftsand
som e with spectralredshifts). In addition,thisAdaptive M atched Filter(AM F)m ethod can be
applied to identify clustersin cosm ologicalsim ulations.
The AM F identies clustersby nding the peaksin a cluster likelihood m ap generated by
convolving a galaxy survey (2D,21
2
D or3D)with a lterwhich m odelstheclusterand eld galaxy
distribution. The peaksin the likelihood m ap correspond to locationswhere the m atch between
the survey and the lterism axim ized.In addition,thelocation and value ofeach peak also gives
the besttredshiftand richnessforeach cluster.Thelteriscom posed ofseveralsub-ltersthat
selectdierentcom ponentsofthe survey:a surface density prole acting on the position data,a
lum inosity prole acting on the apparentm agnitudes,and,in the 21
2
D and 3D cases,a redshift
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cutacting on theestim ated redshifts.
The AM F isadaptive in three ways. First,the AM F adapts to the errorsin the observed
redshifts(from no redshiftinform ation (2D),to approxim ate (21
2
D)orm easured redshifts(3D)).
Second,the AM F uses the location ofthe galaxies as a \naturally" adaptive grid to ensure
sucientspatialresolution ateven thehighestredshifts.Third,theAM F usesa two step approach
thatrstappliesa coarse lterto nd the clustersand then a ne lterto provide m ore precise
estim atesoftheredshiftand richnessofeach cluster.
W e describe the theory ofthe AM F in x2 and its im plem entation in x3. W e generate a
synthetic galaxy catalog to testthe AM F in x4 and presentthe resultsin x5.W e sum m arize our
conclusionsin x6.
2. D erivation ofthe A daptive M atched Filter
The idea behind the AM F is the m atching ofthe data with a lter based on a m odelof
the distribution ofgalaxies. The m odeldescribes the distribution in surface density,apparent
m agnitude,and redshiftofclusterand eld galaxies.Convolving the data with thelterproduces
a clusterprobability m ap whosepeakscorrespond to thelocation oftheclusters.Herewedescribe
the theory behind the AM F.W e presentthe underlying m odelin x2.1,the conceptofthe cluster
overdensity in x2.2,two likelihood functionsderived underdierentassum ptionsaboutthegalaxy
distribution in x2.3,and the extension ofthe likelihood functionsto includeestim ated redshiftsin
x2.4.
2.1. C luster and Field M odel
The foundation ofthe AM F isthe m odelofthe totalnum berdensity ofgalaxies persolid
angle (d
 = 2d)perapparentlum inosity (dl)around a clusteratredshiftzc with richness
nm odel(;l;zc)d
dl= [n f(l)+ n c(;l;zc)]d
dl; (1)
where  isthe angulardistance from the center ofthe cluster,and nf and n c are the num ber
densitiesdueto theeld and thecluster.Theeld num berdensity istaken directly from theglobal
\num ber{m agnitude" persquare degree relation. The clusternum berdensity isthe productofa
projected density prole(see Appendix A)and a lum inosity prole,both shifted to theredshiftof
the clusterand transform ed from physicalradiusand absolute lum inosity to angularradiusand
apparentlum inosity (i.e.ux)
n c(;l;zc)=  c(r)

dr
d
2
c(L)

dL
dl

(2)
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wheretheprojected radiusr and absolute lum inosity L attheclusterredshiftare given by
r(;zc) =
dc
1+ zc
;
L(l;zc;) = 4D
2(zc;)l: (3)
Here dc isthe angularsize distance corresponding to zc,and D isthe lum inosity distance (with
K correction)ofa galaxy ofspectraltype  (e.g.elliptical,spiralorirregular)(see Appendix B).
The factorof1+ zc in the radiusrelation convertsfrom com oving to physicalunits(the cluster
prolecan bedened with eithercom oving orphysicalunits).Forthe clusterlum inosity prolea
Schechterfunction isadopted
c(L)dL / (L=L
)  e L=L

d(L=L); (4)
where ’ 1:1 (Schechter1976,Binggeli,Sandage & Tam m ann 1988,Loveday etal1992).
The m odelis com pleted by choosing a norm alization for the radialprole  c and the
lum inosity prole c. The choice ofnorm alization isarbitrary,buthasthe eectofdeterm ining
the unitsofthe richness.W e choose to norm alize so thatthe totallum inosity ofthe clusteris
equalto
Lc(< rm ax) = L

= 
Z
L(l;zc)nc(;l;zc)d
dl
= 
Z rm ax
0
c(r)2rdr
Z
1
0
c(L)LdL : (5)
Therichnessparam eter thusdescribesthe totalclusterlum inosity (in unitsofL )within rm ax.
For rm ax = 1 h
 1 M pc,the richness ( 1 h 1 M pc)relates to Abell’s richnessN A (within 1.5
h 1 M pc)asN A 
2
3
. Forexam ple,Abellrichnessclass 1 clusters(N A  50)correspond to
  75 (Bahcall& Cen 1993). M ultiplying by L in equation (5)allowsc to be integrated down
to zero lum inosity,thusinsuring thatthe totallum inosity isequalto L  regardlessofthe the
apparentlum inosity lim itofthe survey lm in.Theabove constraintcan beim plem ented by sim ply
m ultiplying c and c by any appropriateconstants(e.g.,norm alizing therstintegralto oneand
setting the second integralequalto L).
2.2. C luster O verdensity
Clusters,by denition,are density enhancem ents above the eld. To quantify this we
introduce the cluster overdensity ,which is the sum ofthe individualoverdensities ofthe
galaxiesi. and  i are dened subsequently.
Fora given clusterlocation on thesky leti and li betheangularseparation from thecluster
centerand theapparentlum inosity oftheith galaxy,respectively.Fora specicclusterredshiftzc
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we only need considergalaxiesinsidethe m axim um selected clusterradius(Appendix A)
m ax(zc)=
(1+ zc)rm ax
dc
: (6)
Theapparentlocaloverdensity atthe location ofthe ith galaxy isgiven by i,where
i=
nic
ni
f
=
nc(i;li;zc)d
dl
nf(li)d
dl
: (7)
Theapparentoverdensity ofthe clusterasm easured from thedata is
 data = 
X
i
i ; (8)
where the sum iscarried outover allgalaxies within m ax. The clusteroverdensity can also be
calculated from the m odel
 m odel= 
Z
1
lm in
Z m ax
0
(;l;zc)n c(;l;zc)d
dl: (9)
Equating  data with  m odelitispossibleto solve for
 =
P
iiR
 nc
: (10)
Theterm in thedenom inatorissim ply them odelclusteroverdensity when = 1.Asweshallsee
in the subsequentsections,the positionsofclusters,both in angle and in redshift,correspond to
the locationsofm axim a in the clusteroverdensity.
2.3. Likelihood Functions
Having dened the m odelwe now discuss how to nd clusters in a galaxy catalog and
determ ine the besttredshiftand richness zc and  for each cluster. The basic schem e is to
dene a function L,which isthe likelihood thata clusterexists,and to nd the param etersthat
m axim ize L ata given position overthe range ofpossible valuesofzc and . Thisprocedure is
carried outoverthe entire survey area and generatesa likelihood m ap.The clustersare found by
locating the peaksin the likelihood m ap.The m ap grid can be chosen by variousm eans,such as
a uniform grid orby using thegalaxy positionsthem selves.
A variety oflikelihood functionscan bederived,depending on theassum ptionsthatarem ade
aboutthe distribution ofthe galaxies. The AM F usestwo likelihood functionswhose derivations
are given in Appendix C.A clusterisidentied,and itsredshiftand richness,zc and ,are found
by m axim izing L. Typically thisisaccom plished by rsttaking the derivative ofL with respect
to  and setting theresultequalto zero
@L
@
= 0 : (11)
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O necan com pute from theabove equation eitherdirectly ornum erically.Theresulting valueof
 can be inserted back into the expression forL to obtain a value forL atthe specied redshift.
Repeating thisprocedure fordierentvaluesofzc itispossible to nd the m axim um likelihood
and the associated bestvalue ofthe clusterredshift,aswellasthe bestclusterrichnessatthis
redshift.
The rstlikelihood,which we callthe coarse likelihood,assum esthatifwe bin the galaxy
catalog,then there willbeenough galaxiesin each bin thatthe distribution can beapproxim ated
asa G aussian.Thisassum ption,while notaccurate,providesa coarse likelihood function Lcoarse
which islinear,easy to com puteand correspondsto the apparentoverdensity
Lcoarse = coarse
X
i
i ; (12)
where
coarse =
P
iiR
(;l)nc(;l)d
dl
(13)
(see Appendix C).
The second likelihood,which we callthe ne likelihood,assum esthatthe galaxy countin a
bin can be m odeled with a Poisson distribution| an assum ption which isnearly always correct.
The resulting likelihood function Lne isnon-linearand requiresm ore com putationsto evaluate,
butshould provide a m ore accurate estim ate ofthe clusterredshiftand richness.The form ula for
Lne is
Lne =   neN c+
X
i
ln[1+ nei]; (14)
wherene iscom puted by solving
N c =
X
i
i
1+ nei
; (15)
and N c isthe num berofgalaxiesone would expectto see in a clusterwith  = 1 (see Appendix
C).
2.4. Including Estim ated R edshifts
So farwe have considered clusterselection in purely 2D im aging surveyswith no estim ated
redshift inform ation. The inclusion ofestim ated galaxy redshifts,as in 21
2
D or 3D surveys,
should im prove the accuracy ofthe resulting cluster redshifts. In addition,estim ated redshifts
can separate background galaxies (noise)from clustergalaxies (signal)m ore easily,allowing the
detection ofconsiderably poorerclustersthan ifestim ated redshiftswere notused.
G alaxy redshiftinform ation can be obtained,for exam ple,from m ulti-color photom etric
surveys(via photom etric redshiftsestim ates)orfrom directspectroscopic determ ination ofgalaxy
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redshifts.W e now discusshow to extend the AM F described above to include such redshifts.The
galaxy redshiftsthatweusewithin a given survey can rangefrom very precisem easured redshifts,
to only approxim ate photom etric redshifts(with varied accuracy),to no redshiftinform ation| all
in thesam eanalysis(i.e.adapting to dierentredshiftinform ation foreach galaxy in thesurvey).
The available redshiftsprovide essentially a third lter,in addition to the spatialand lum inosity
ltersused in the 2D case. In practice,we use the estim ated redshiftinform ation ofeach galaxy
to narrow the window ofthe AM F search following thesam e basic m ethod described above.
O ne ofthe benetsoflaying down the theoreticalfram ework forthe AM F isthe easy m eans
by which estim ated redshiftscan now be included. Letzi and 
i
z be the estim ated redshiftand
redshifterroroftheith galaxy,and letthefactorw determ inehow widea region weselectaround
each zc forthelikelihood analysis.Inclusion oftheadditionalredshiftinform ation isaccom plished
by sim ply lim iting the sum sin Lcoarse and Lne to those galaxiesthatalso satisfy jzi  zcj< w
i
z.
Note thatthisprocedure allows the usage ofredshiftinform ation with variable accuracy in the
sam esurvey| i.e.,som egalaxieswith m easured redshifts,som ewith estim ated redshiftsand som e
with no redshiftsatall.
Therichnesscoarse isdom inated by theclustergalaxies;aslong asw issuciently large(e.g.
w  3)then the resulting richnesseswillbe unbiased. However,ifthe redshifterrorsare large
(i.e.,a largefraction ofthedepth ofthegalaxy catalog),itm ay bedesirableto usea sm allervalue
ofw  1. In thiscase a sm allcorrection needsto be applied to the richnessto accountforthe
sm allfraction ofclustergalaxiesthatare elim inated by the redshiftcut.Ifthe redshifterrorsare
G aussian,the desired correction can beobtained by m ultiplying the predicted clusteroverdensity
by the standard errorfunction r
2

Z w
0
e
 
1
2
t2
dt: (16)
A sim ilar issue arises with ne when the eld galaxies are elim inated by using estim ated
redshifts.To obtain thecorrectvalueofne requiresm odeling thecontribution oftheelim inated
eld galaxies to equation (15),which can be done either analytically ornum erically via M onte
Carlo m ethods.
3. Im plem entation
Thelikelihood functionsderived in theprevioussection representthecoreoftheAM F cluster
detection schem e.Both likelihood functionsbegin with picking a grid oflocationsoverthe survey
area forwhich L and  arecom puted overa rangeofredshifts.Figures1 and 2 show thefunctions
L(z)and (z)fora position on thesky located atthecenterofa = 100 cluster( 2
3
therichness
orlum inosity ofCom a)atz = 0:35 (the details ofthe testdata are given in the nextsection).
Figure 1 showsthe resultswhen no redshiftestim ate exists (i.e.,z ! 1 ),and gure 2 shows
whathappenswhen using estim ated redshiftswith 0:03 < z < 0:06.
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Figures1 and 2 illustrate three ofthe basic propertiesofthese likelihood functions,which
were discussed in the previoussection:1.the dram atic eectofincluding estim ated redshiftson
sharpening the peak in L,which m akesnding clustersm uch easier;2.the qualitative dierence
in the form ofne(z)and coarse(z)in gure 2 thatarisesfrom the factthat coarse isa sim ple
function ofLcoarse while ne is a com plicated function ofLne;3. the shortward bias in the
clusterredshiftascom puted from Lcoarse in 2D (gure1),which isa generalbiasin the2D coarse
likelihood function (fora discussion ofhow to correctforthisbiassee Postm an etal1996). In
the 3D case,the coarse likelihood ofrich clustershascom parable accuracy to the ne likelihood.
Forpoorerclusters( < 50),the coarse likelihood yieldshigherrichnessestim atesthan the true
values;thisisa resultofthe G aussian assum ption used forderiving the coarse likelihood which
worsensforpoorerclusters.
Im plem entation ofthe AM F clusterselection consists ofve steps: (1)reading the galaxy
catalog,(2)dening and verifying the m odel,(3)com puting L coarse overthe entire galaxy survey
over a range ofredshifts,(4) nding clusters by identifying peaks in the L coarse m ap,and (5)
evaluating Lne and obtaining a m oreprecisedeterm ination ofeach cluster’sredshiftand richness.
3.1. R eading the G alaxy C atalog
The rststep ofthe AM F isreading the galaxy catalog over a specied region ofthe sky.
The galaxy catalog consistsoffourto six quantities foreach galaxy,i: the position on the sky
RA i and DECi,the apparentlum inosity (i.e. ux)in specic band li,the Hubble type used for
determ ining the K correction i (e.g.,E,Sa orSc),the estim ated redshiftzi and estim ated error
iz. In the case ofa single band survey,where no photom etric redshiftsare possible,zi and 
i
z
willnotexist. In addition to these localquantities,the following globalquantitiesare com puted
from the catalog: the apparentlum inosity lim itlm in,the m ean estim ated error z. Finally,itis
necessary to setthem inim um and m axim um clusterredshiftsfortheclustersearch zm in and zm ax.
3.2. M odelD enition and Verication
The prim ary m odelcom ponents which need to be specied are: the cluster radialprole
c(r),the cluster lum inosity prole c(L),a norm alization convention forthe cluster thatsets
the units ofrichness ,and the eld num berdensity versus apparent lum inosity distribution
nf(l).In addition,a specic cosm ologicalm odelneedsto be chosen along with K correctionsfor
each Hubble type,from which the angulardistance d(z)and lum inosity distance D (z;)can be
com puted. The observed galaxy catalog needs to be tested forits consistency with the m odel
param eters(such asnf(l)).W hile thisisunnecessary forthesim ulated galaxy catalog used below
(where the m odelused to nd clustersisthe sam e asthe one used to generate the catalog),we
show som e oftheconsistency checksforillustration purposes(see Appendix D).
{ 9 {
3.3. Lcoarse M apping
M appingoutthecoarselikelihood function beginswith picking agrid covering thesurvey area.
The m oststraightforward choice isa uniform grid over the area covered,which isconceptually
sim ple and m akes nding peaks in the likelihood easy. However,a uniform grid needs to be
exceedingly ne in order to ensure adequate resolution at the highest redshifts,and leads to
unacceptable com puterm em ory requirem ents.Anotherchoice forthe grid locationsisto use the
positionsofthe galaxies them selves. The galaxy positionsare a \naturally" adaptive grid that
guaranteessucientresolution atany redshiftwhilealso elim inating unnecessary pointsin sparse
regions.Forthisreason we choose to usethegalaxy positionsasthe grid locations.
Ateach grid location (i.e.each galaxy position)Lcoarse isevaluated overa range ofredshifts
from zm in to zm ax.Thenum berofredshiftpointsissetso thereisadequatecoverage forthegiven
value ofz.Finding the m axim um ofthe likelihood setsthe valuesofthe likelihood,redshiftand
richnessatthispoint:Licoarse,z
i
coarse,and 
i
coarse. W hen thisprocesshasbeen com pleted forall
thegalaxies,theresultisan irregularly gridded m ap Licoarse(RA i;DECi;z
i
coarse).Thepeaksin this
m ap correspond to the locationsofthe clusters.
3.4. Lcoarse C luster Selection
Finding peaks in 3D regularly gridded data is straightforward. Finding the peaks in the
irregularly gridded function Licoarse(RA i;DEC i;z
i
coarse)ism ore dicult.Thereare severalpossible
approaches. W e present a sim ple m ethod which is sucient for selecting rich clusters. M ore
sophisticated m ethodswillbenecessary in orderto nd poorclustersthatarecloseto rich clusters.
Asa rststep we elim inate alllow likelihood pointsL icoarse < Lcut,whereLcut isthenom inal
detection lim it,which is independentofrichness or redshift. Lcut can be estim ated from the
distribution ofthe Licoarse values (gure 3). The peak in the distribution corresponds to the
background whilethelong tailcorrespondsto theclusters.Assum ingthebackground isa G aussian
whose m ean can be estim ated from the location ofthe peak and whosestandard deviation is0.43
tim esthe Full-W idth-Half-M axim um (FW HM ),then a given value ofLcut willlie N  standard
deviationsfrom the peak
N  
Lcut  Lpeak
0:43 FW HM
: (17)
ThevaluesofLcut shown in gure 3 were chosen so thatN   5,which wassuciently high that
no false detections occurred. To rstorder,L cut / z=z,where z is the average depth ofthe
survey and isa function oflm in.
Step two consistsofnding the largestvalue ofL icoarse,which isby denition the rstand
m ostoverdense cluster. The third step isto elim inate allpointsthatare within a certain radius
and redshiftofthe cluster. Repeating stepstwo and three untilthere are no pointsleftresults
in a com plete clusteridentication (above L cut),with a position,redshiftand richness(/ total
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lum inosity)estim ate foreach cluster.
3.5. Lne Evaluation
Theangularposition,redshiftand richnessoftheclustersdeterm ined by the Lcoarse selection
are adequate,but can be com plem ented by determ ining the redshift and richness from Lne.
RecallthatLne requires10 to 100 tim esasm any operationsto evaluateascom pared with Lcoarse,
and applying itto every single galaxy position can be prohibitive. Evaluating Lne on justthe
clustersfound with Lcoarse istrivialand worth doing asitshould provide m oreaccurate estim ates
ofthe clusterredshiftand richnessbecause ofthe betterunderlying assum ptionsthatwentinto
itsderivation.Thus,the nalstep in ourAM F im plem entation isto com putezi
ne
and i
ne
using
Lne on each ofthe clusterpositionsobtained with Lcoarse.
3.6. Im plem entation Sum m ary
W e sum m arize theabove im plem entation in thefollowing step-by-step list.
1. Read galaxy catalog
 Read in RAi,DECi,li,zi,
i
z and i foreach galaxy.
 Pick lm in (survey lim it),zm in and zm ax (cluster search lim its),and com pute average
distance error z.
2. M odeldenition
 Choosec,c,nf,d(zc)and D (z;).
 Norm alize c and c.
 Verify galaxy distributionsin land z with those predicted by m odel.
3. Lcoarse m apping
 Foreach galaxy location (RAi,DECi)choose a range ofredshiftswithin zm in and zm ax
with a step size no largerthatone halfz.
 Com pute Lcoarse (eq.12)and coarse (eq.13)foreach redshift.SetL
i
coarse,
i
coarse and
zicoarse equalto thevaluesatthe m axim um ofLcoarse.
4. Find peaksin the Lcoarse m ap
 Com puteLcut from the L
i
coarse distribution (e.g.5- cut).
 Find alllocalm axim a in Licoarse(RA i;DEC i;z
i
coarse)where L
i
coarse > Lcut;these are the
clusters.
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5. Reneclusterredshiftand richnessestim ateswith L ne
 At the RA and DEC ofeach cluster found with Lcoarse evaluate Lne over the sam e
range ofredshiftswithin zm in and zm ax.
 Com pute Lne (eq. 14)and ne (eq. 15)foreach redshift. SetL
i
ne
,i
ne
and zi
ne
equalto the valuesatthe m axim um ofLne.These provide the bestestim atesforthe
clusterrichnessand redshift.
In the next section we describe a sim ulated galaxy catalog used to test the above AM F
im plem entation.
4. Sim ulated Test D ata
O urtestdata consistsof72 sim ulated clusterswith dierentrichnessesand redshiftsplaced in
a sim ulated eld ofrandom ly distributed galaxies(fora non-random distribution ofeld galaxies
see section 5). The clusters range from groupsto rich clusters with totallum inosities from 10
L to 300 L (corresponding to Abellrichness counts ofapproxim ately 7 to 200,or richness
classes  0 to  4) and are distributed in redshiftfrom 0.1 to 0.5. The lum inosity prole is a
Schechterfunction with  = 1:1. The radialprole isa Plum m erlaw given in Appendix A with
rm ax = 1 h
 1 M pc and rcore = 0:1 rm ax.The num berand absolute lum inosity ofthe eld galaxies
weregenerated from a Schechterfunction,using theeld norm alization  = 1:08 10 2 h3M pc 3
(Loveday etal1992).
ThreedierentHubbletypeswereused,E,Saand Sc,with K correctionstaken from Poggianti
1997. Each galaxy in a clusterwasrandom ly assigned a Hubble type so that60% were E,30%
were Sa,and 10% were Sc;each galaxy in the eld israndom ly assigned a Hubble type so that
40% were E,30% were Sa,and 30% were Sc. K nowing the redshiftofeach galaxy,itsabsolute
lum inosity and Hubbletype,we can com pute the apparentlum inosity.Allgalaxieswith apparent
lum inosity below r0 23:5 (theanticipated lim itoftheSDSS)wereelim inated.Thislim itresulted
in a eld num berdensity of 5000 galaxiespersquaredegree.
To facilitate thesubsequentanalysisand interpretation oftheresults,theclusterswereplaced
on an 8 by 9 grid.Theclustercenterswereseparated by 0.4 degrees,which resultsin thetestdata
having dim ensionsof3.2 by 3.6 degrees.The distribution ofthe clustergalaxiesin RA and DEC
isshown in gure4,whereeach colum n hasthe sam e richnesswhile each row ofclustersisatthe
sam e redshift(see gure 6).From leftto rightthe richnessesare  = 10,20,30,40,50,100,200,
and 300. From bottom to top the redshiftsare zc = 0.1,0.15,0.2,0.25,0.3,0.35,0.4,0.45,and
0.5. In all,the clusterscontained som e 30,000 galaxies,overhalfofwhich lie in the richness200
and 300 clusters. The random ly generated eld contained approxim ately 50,000 galaxies. The
distribution ofallthegalaxiesin RA and DEC isshown in gure5.
So far,theredshiftsforthegalaxiesareexact.Ifweassum ethatredshifterrorsareG aussian,
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then we can easily generate osets to the true positions ifwe know the standard deviation of
the distribution z. Notallthe galaxies willhave the sam e estim ated redshifterror
i
z,and,in
the case ofphotom etric redshifts,these valuescan be expected to vary by abouta factoroftwo
(Connolly etal1995;Yee 1998).W e m odelthiseectby rstrandom ly generating the estim ated
redshifterrorsfrom a uniform distribution over a specied range (e.g.,0:03 < iz < 0:06). The
osets from the true redshifts are then random ly generated from G aussian distributions with
standard deviationscorresponding to iz values.The estim ated redshiftsare com puted by adding
the osetsto the trueredshift.Thus,a datasetwith z  0:05 refersto 0:03 < 
i
z < 0:06.
5. R esults and D iscussion
To testourAM F im plem entation we ran iton the above sim ulated galaxy catalog forthree
dierenterrorregim es: z  0:05,z  0:15 and z ! 1 . A contour plotcom puted from the
m axim um likelihood pointsLicoarse isshown in gure7,which indicatesthatthe coarse lterdoes
a good job ofnding the angularpositionsofthe clusterswith no false detections.The resulting
cluster centers have an accuracy thatis within one core radiusofthe true cluster center. The
redshiftsand richnessesobtained by applying Lne to the clustersfound with Lcoarse are shown in
gures8,9,and 10.The boxesdenote the true redshiftand richnessvaluesofthe inputclusters.
The shortlinesconnectthe inputswith the outputs(i.e.the valuesobtained with Lne).Sm aller
linesindicate m ore accurate redshiftand richnessdeterm inations. The long curve indicatesthe
expected detection lim itforthe value ofLcut used.Asexpected,the num berofclustersdetected
and their accuracy decrease as z increases. However,nearly allthe clusters with  > 100
(corresponding roughly to Abellrichnessclass> 1)are detected outto redshiftsof0.5 which is
the eective lim itofthe survey.In a deepersurvey itwillbepossible to detectclustersathigher
redshifts.
The errors in the redshift and richness estim ates ofalldetected clusters is presented in
gures11 and 12. A sum m ary ofthese resultsisshown in table 1. In general,the AM F nds
clusters with an accuracy ofz  0:02 in redshiftand  10% in richness. Including distance
inform ation lowers the background and resultsin a substantialim provem entin the detection of
poorerclusters.Thus,m any m ore clustersare detected when z  0:05 ascom pared to z ! 1 .
These additionalclusters are allpoorer and thus have higher errors,which explains why the
average errorsdo notsignicantly change with z.
Six additionaltests were conducted on the z  0:05 case to check the robustnessofthe
results. The rst test explored the eect ofspatialstructure in the background distribution
ofgalaxies by using positions taken from an N-body sim ulation (instead ofusing random ly
distributed eld galaxies).Thesecond testinvestigated the eectofusing dierentK -corrections.
Thenextfourtestsexplored the eectofchanging dierentparam etersofthe clusterm odel: in
theSchechterlum inosity function,n in thePlum m erclusterdensity prole,thecore radius(rcore)
and them axim um radiusoftheclusterprole(rm ax).Theresultsofallthesetestsaresum m arized
{ 13 {
Table 1:Sum m ary ofAM F testson sim ulated data
Input Likelihood O utput O utput
error cuto z error  error
z Lcut (z) (=)
0.05 40 0.014 0.13
0.15 100 0.025 0.12
1 300 0.023 0.14
in Table 2.
TheN-body sim ulation contained 1283 dark m atterparticlesin a 200 h 1 M pcbox (Xu 1995)
with sucientspatialresolution to resolve clustercores. The nalz = 0 ouputofthe sim ulation
was\stacked" in a non-repeating fashion (G ott1997)to create a sim ulated eld outto z = 0:6.
Each particle was then assigned a lum inosity in the sam e m anner as described earlier for the
uniform background. The 72 test clusters were placed in the N-body background. The coarse
lterwasrun on these data using the sam e param etersasin the uniform case. Allthe clusters
detected with the uniform background were also detected with the N-body background. Next,
the ne lterwasrun on these clusters. There wasno change in the estim ated redshiftsofthe
clusters.The richnessestim atesshowed a slightincrease ( 20% )in theirvariance,which isdue
to the uctuationsin the background density.
In a realsurvey,itisunlikely thatallthe galaxieswillhave correctly assigned Hubble types.
An errorin the Hubble type prim arily aects the K -correction. To testthe eects ofincorrect
Hubble typeswe ran the ne lterwith an assum ption thatallthe galaxieswere Ellipticals(E)
and then again assum ing that allthe galaxies were Spirals (Sc). These changes produced no
signicantchange in theestim ated redshiftorrichnessoftheclustersoutto z  0:5.
In the realUniverse,clusterscan notbedescribed by a single setofm odelparam eters.Two
testsofeach offourm odelparam eterswere carried outto look atthe errorsproduced by using
an AM F cluster m odelwith param eters dierent from the clusters in the data. In each case
the ne lterwasrun on data with z  0:05 and the dierencesin the estim ated redshiftand
richnesswereexam ined.Theresultsaresum m arized in Table2.Noneofthechangesin any ofthe
param eterssignicantly aected the estim ated redshiftsofthe clusters.The largesteecton the
richness occurred with changing the param eter in the Schechter lum inosity function ofthe
cluster. Thisinduced a biasin  atsm allredshift;the biasdecreaseswith redshiftbecause the
galaxiesathigh redshiftarenotpartofthefaint-end Schechterlum inosity function.Changing the
slope ofthe clusterdensity prole had only a sm alleecton .Changing the core radiushad no
signicanteecton .Asexpected, increaseswith increasing r m ax.
The CPU and m em ory requirem entsofthe AM F are dom inated by the Lcoarse evaluation.
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Table 2: Robustness tests on sim ulated data with z  0:05. A \no change" entry
m eansthatany dierencein theestim ated redshiftorrichnesswaswithin the nom inal
errorsquoted in Table 1 (i.e.,z  0:02 and =  0:1). Biases are given relative
to the nom inalvalue (e.g.,a bias of1.1 im plies that the new estim ated richnesss is
1.1 tim es the nom inalestim ated richness). Allbiases are independentofredshiftand
richnessunlessstated otherwise.
M odelParam eter New Eecton Eecton
(nom inalvalue) Value Estim ated z Estim ated 
Background distribution N-body no change slight( 20% )increase in variance
(uniform )
K correction allE no change no change
(E,Sa and Sc) allSc no change no change
Clusterlum funcslope -0.8 no change 1.5 biasatz  0:1,
( =   1:1) decreasing to no biasatz  0:35
-1.3 no change 0.5 biasatz  0:1,
increasing to 1.2 atz  0:5
Clusterproleslope 1.5 no change 1.1 biasindependentofz
(n = 2:0) 2.5 no change 0.95 biasindependentofz
Clustercore radius 0.05 h 1 M pc no change no change
(rcore = 0:1 h
 1 M pc) 0.20 h 1 M pc no change no change
Clusterm ax radius 0.75 h 1 M pc no change 0.75 biasindependentofz
(rm ax = 1:0 h
 1 M pc) 1.25 h 1 M pc no change 1.25 biasindependentofz
The AM F required around 100 M Bytesofm em ory and took from a few m inutes(z  0:05)to a
little undertwo hours(z ! 1 )using one CPU (198M hz M IPS R10000) ofan SG IO rigin200.
Forexam ple,the SDSS willbe com posed ofapproxim ately 1000 eldssim ilarin size to ourtest
catalog. Since nding clustersin one eld isindependentofallthe others,itissim ple to run the
AM F on a m assively parallelcom puter;itwillbe possible to run the AM F on the entire SDSS
catalog in one day.
6. Sum m ary and C onclusions
W ehavepresented theAdaptiveM atched Filterm ethod fortheautom aticselection ofclusters
ofgalaxies in a wide variety ofgalaxy catalogs. The AM F can nd clusters in m ost types of
galaxy surveys:from two-dim ensional(2D)im aging surveys,to m ulti-band im aging surveyswith
photom etric redshiftsofany accuracy (21
2
D),to three-dim ensional(3D) redshiftsurveys. The
m ethod can also be utilized in the selection ofclustersin cosm ologicalN-body sim ulations. The
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AM F isbased on m atching the galaxy catalog with a clusterlterthatm odelsthe overallgalaxy
distribution.Them odeldescribesthe surfacedensity,apparentm agnitude,and redshiftofcluster
and eld galaxies. Convolving the data with the lterproducesa clusterprobability m ap whose
peaks correspond to the location ofthe clusters. The probability peaks also yield the bestt
redshiftand richnessofeach cluster.
TheheartoftheAM F istheapparentoverdensity iwhich isevaluated ateach galaxy position
and hasa highervalueforgalaxiesin clustersthan galaxiesin theeld.Theapparentoverdensity
distillstheentiredescription ofthegalaxy catalog into a singlefunction.Two likelihood functions
are derived,Lcoarse and Lne,using dierent underlying m odelassum ptions. The theoretical
fram ework oftheAM F allowsestim ated redshiftsto beincluded via a sim pleredshiftlter,which
eectively lim itsthe sum sin L coarse and Lne to those galaxieswithin a window around zc. The
m axim a in the likelihood functionsare used to identify clusterpositionsaswellastheirredshifts
and richnesses.
The AM F isadaptive in three ways.First,itadaptsto the errorsin the estim ated redshifts.
Second,it uses the locations ofthe galaxies as \naturally" adaptive grid to ensure sucient
resolution ateven the highestredshifts.Third,itusesa two step approach thatappliesa coarse
lter to initially nd the clusters and a ne lter to m ore precisely estim ate the redshiftand
richnessofeach cluster.
W e tested the AM F on a setofsim ulated clusterswith dierentrichnessesand redshifts|
ranging from groupsto rich clustersatredshifts0.1 to 0.5;theclusterswereplaced in a sim ulated
eld ofrandom ly distributed galaxiesaswellasin a non-random distribution produced by N-body
cosm ologicalsim ulations.W e nd thattheAM F detectsclusterswith an accuracy ofz  0.02 in
redshiftand  10% in richnessto z< 0:5 (fora sim ulated galaxy survey to r
0 23:5).In addition,
robustnesstestsprovidea strong indication thattheAM F willperform wellon observationaldata
sets.Detecting clustersateven higherredshiftswillbepossiblein deepersurveys.
W e wish to thank G uohong Xu forproviding the N-body sim ulationsused in thispaper.In
addition David W einberg,Andy Connolly,M arc Postm an,LoriLubin,and ChrisFingerprovided
helpfulsuggestions. W e would also like to thank Dr. M ichealK urtz forhishelpfulcom m ents.
Thiswork was supported in partby the DoE Com putationalScience Fellowship Program ,the
Princeton O bservatory Advisory Council,and NSF grantsAST 93-15368 and G ER 93-54937.
A . C luster P role
Theprojected clusterproleisderived from sphericalm odied Plum m erlaw prole:
c(r)=
8
<
:
0c
(1+ r2=r2
core
)
n
2
 
0c
(1+ r2
m ax
=r2
core
)
n
2
; r rm ax
0 ; r> rm ax
(A1)
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wheren  2 and theconstant0c isused to norm alizetheprole.Theprojected proleiscom puted
by integrating along the lineofsight:
c(r)= 2
Z
1
r
c(t)tdt
p
t2   r2
; (A2)
which forthe m odied plum m erprolegives
c(r)=
8
<
:
 0c
(1+ r2=r2
core
)
n 1
2
 
 0c
(1+ r2
m ax
=r2
core
)
n 1
2
; r rm ax
0 ; r> rm ax
(A3)
where0c isa constantssetby the norm alization.
B . Lum inosity D istance
Thetransform ation between absolute and apparentlum inositiesin band 0
L0 = 4D
2(z;)l0; (B1)
where  isthe galaxy type (e.g. elliptical,spiral,irregular,...) and D isthe lum inosity distance
ata redshiftz and isrelated to theangularsize distance d by
D
2(z;)=
(1+ z)2d2(z)
K 0(z;)E 0(z;)
; (B2)
where K 0 and E 0 are the\K " and evolutionary corrections. Forno evolution m odelsE 0 = 1.
Theangular-size distance for
+ 
  = 1 cosm ologiesisgiven by
d(z)=
c
H 0
Z z
0
dz0
(1  
+ 
(1+ z 0)3)1=2
(B3)
C . D erivation ofthe Likelihood Functions
Various likelihood functions can be derived. The dierences are due to the additional
assum ptionsthatare m ade aboutthe distribution ofthe observations. Thisappendix gives the
m athem aticalderivation ofthe two likelihood functionsused in the AM F:Lcoarse and Lne.Both
derivationsare conceptually based on virtually binning the data,butm ake dierentassum ptions
aboutthe distribution ofgalaxiesin the virtualbins.
Im agine dividing up the angularand apparentlum inosity dom ain around a clusterinto bins.
W e assign to each bin a unique index j. The expected num berofgalaxies in bin j is denoted
n
j
m odel
. The num berofgalaxies actually found in bin j isn
j
data
. In general,the probability of
nding n
j
data
galaxiesin cellj isgiven by a Poisson distribution
Pj =
(n
j
m odel
)n
j
datae n
j
m odel
n
j
data
!
(C1)
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Thelikelihood ofthedata given them odeliscom puted from the sum ofthelogsofthe individual
probabilities
L =
X
j
lnPj: (C2)
C .1. C oarse G rained L
Ifthe virtualbinsare m ade big enough thatthere are m any galaxies in each bin,then the
probability distribution can beapproxim ated by a G aussian
Pj =
1
q
2n
j
m odel
exp
(
 
(n
j
data
  n
j
m odel
)2
2n
j
m odel
)
: (C3)
Furtherm ore,ifthe eld contribution isapproxim ately uniform and large enough to dom inate the
noise then
Pj =
1
q
2n
j
f
exp
8
<
:
 
(n
j
data
  n
j
m odel
)2
2n
j
f
9
=
;
: (C4)
where n
j
m odel
= n
j
f
+ n jc. Sum m ing the logs ofthese probabilities results in the following
expression forthe coarse likelihood
Lcoarse =
X
j
lnPj
=  
1
2
X
j
ln2n
j
f
 
1
2
X
j
(n
j
data
  n
j
m odel
)2
n
j
f
(C5)
The rstterm doesnotaect the value of which m inim izes L coarse and can be dropped. In
addition,ifthe binscan also be m ade suciently sm all,then the sum over allthe binscan be
replaced by an integral
Lcoarse =  
Z
(ndata(;l)  nm odel(;l))
2
nf(;l)
d
dl; (C6)
where ndata(;l)isa sum ofDirac delta functionscorresponding to the locationsofthe galaxies.
Expanding the squared term and replacing nm odelwith nf + n c yields
Lcoarse =  
Z
n2data   2ndatanf   2ndatan c+ n
2
f + 2nfn c+ 
2n2c
nf
d
dl: (C7)
The above expression can be sim plied by setting  = nc=nf,dropping allexpressionsthatare
independentof,and noting that
R
nc issm allcom pared to the otherterm s,which leaves
Lcoarse = 2
X
i
i  
2
Z
(;l)nc(;l)d
dl (C8)
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Taking thederivativeofLcoarse with respectto  and setting theresultequalto zero,wecan solve
forcoarse directly
coarse =
P
iiR
(;l)nc(;l)d
dl
: (C9)
wherethedenom inatorterm sofc,c and nf is
Z
(;l)nc(;l)d
dl =
Z
n2c
nf
d
dl
=
"Z
1
L(lm in ;zc)
2c(L
0)
nf(L
0)
dL
0
#"
d2c
(1+ zc)
2
Z rm ax
0
2c(r
0)2r0dr0
#
: (C10)
Finally,inserting theabove value ofcoarse back into theexpression forLcoarse resultsin
Lcoarse = 
X
i
i ; (C11)
which is data.Thus,m axim izing the m easured clusteroverdensity willgive the correctrichness
and location ofthe cluster.
C .2. Fine G rained L
Ifthevirtualbinsarechosen to besuciently sm allthatnobin containsm orethatonegalaxy,
then the calculation ofL can be signicantly sim plied because there are only two probabilities
thatneed to becom puted.Theprobability oftheem pty bins
Pem pty = e
 n
j
m odel (C12)
and theprobability ofthelled bins
Plled = n
j
m odel
e
 n
j
m odel: (C13)
Thesum ofthelog ofthe probabilitiesisthen
Lne =
X
em pty
lnPem pty +
X
lled
lnPlled
=  
X
em pty
n
j
m odel
 
X
lled
n
j
m odel
+
X
lled
lnn
j
m odel
(C14)
By denition sum m ing overalltheem pty binsand allthe lled binsisthe sam e assum m ing
overallthebins.Thus,thersttwo term sin equation (C14)arejustthetotalnum berofgalaxies
predicted by them odel
X
allbins
n
j
m odel
=
Z
1
lm in
Z m ax
0
nm odel(
0
;l
0;zc)d

0
dl
0
= N f + N c (C15)
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where lm in isthe apparentlum inosity lim itofthe survey. N f and N c are the totalnum berof
eld and clustergalaxiesone expectsto see inside m ax;they can be com puted by integrating nf
and nc
N f(zc) = 
2
m ax(zc)
Z
1
lm in
nf(l
0)dl0;
N c(zc) =
Z
1
lm in
Z m ax
0
nc(
0
;l
0;zc)d

0
dl
0
= c(L(lm in;zc))
Z rm ax
0
c(r
0)2r0dr0 (C16)
wherec(L)=
R
1
L
c(L
0)dL0.
Because weretain com plete freedom to locate thebinswhereverwelike,wecan centerallthe
lled binson thegalaxies,in which case thethird term in equation (C14)becom es
X
lled
lnn
j
m odel
!
X
i
ln[nif + n
i
c]; (C17)
and the sum isnow carried outoverallthegalaxiesinstead ofallthelled bins.Com bining these
resultswe can now write the likelihood in term sthatare readily com putable from the m odeland
the galaxy catalog
Lne =   Nf   N c+
X
i
ln[nif + n
i
c]: (C18)
The sim plestway to nd the richness isto take the derivative ofthe above equation with
respectto  and setting itequalto zero yields
N c =
X
i
i
1+ nei
; (C19)
wherewehavesubstituted iforn
i
c=n
i
f.Unfortunately,itisnotpossibleto solveforne explicitly,
buta num ericalsolution can be found by standard m ethods.The resulting value ofne isthen
inserted into thefollowing equation forLne to obtain the m axim ized value ofthe likelihood
Lne =   neN c+
X
i
ln[1+ nei]: (C20)
[Note: in the above expression term s that are independentofne and do not contribute any
additionalinform ation to Lne have been dropped.]
Finally,itisworth m entioning again thatwhile coarse can be obtained directly from Lcoarse,
ne can only be found by num erically nding the zero pointofequation (C19). Furtherm ore,
equation (C19)doesnotlend itselfto standard derivative based solvers(e.g.,Newton-Raphson)
thatproduceaccurate solutionsin only a few iterations. Fortunately,the solution can usually be
bracketed in the range 0< ne < 1000,thusobtaining a solution with an accuracy  1 takes
log2(1000=1)= 10 iterationsusing a bisection m ethod.
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D . D ata/M odelC onsistency C hecks
The rst consistency check can be m ade with nf(l), or its cum ulative probability
N f(l)=
R
1
l
nf(l
0)dl0,which can betdirectly to thegalaxy catalog.In thecasewherea sim ulated
catalog isused the lum inosity distribution istaken from the underlying eld lum inosity function
f(L)and itispossibleto com puteN f(l)foreach Hubbletypedirectly
N f(l)=
Z
1
0
f(L(l;z;))d(z)
2d(z)
dz
dz ; (D1)
wheref(l)=
R
1
l
f(l
0)dl0.
The second consistency check can be m ade with the distribution in redshift(ifestim ated
redshifts exist),where the num ber ofgalaxies at each redshift should satisfy the following
convolution with the m ean estim ated error
dN f
dz
(z)=
Z
1
 1
1
p
2z
exp
(
 
(z  z0)2
22z
)
f(L(lm in;z
0
;))
d(z0)
dz
dz
0
: (D2)
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Fig. 1.| Plots ofthe \2D" (i.e.,z ! 1 ) likelihood and richness as a function ofredshift as
com puted from thecoarse and nem atched lters.Theinputclusterhaszc = 0:35 and a richness
= 100 (corresponding approxim ately to Abellrichnessclass1).
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Fig. 2.| Plots ofthe \21
2
D" (z  0:05) likelihood and richness as a function ofredshift as
com puted from thecoarse and nem atched lters.Theinputclusterhaszc = 0:35 and a richness
 = 100. Although  ne isnotpeaked like coarse thisdierence doesnotdim inish the accuracy
since thelocation ofzc isdeterm ined entirely by Lne,which issharply peaked.
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Fig. 3.| Distribution ofLcoarse values. The range has been chosen so the distributions appear
sim ilar. The leftdashed line denotesthe value ofthe peak ofthe distribution. The rightdashed
lineshowsthevalueofLcut thatwasused.Thehorizontalsolid lineshowstheFW HM around the
peak.Thesignicance levelsofL cut from top to bottom areapproxim ately 8-,5- and 5-.
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Fig.4.| Angularpositionsofallthe sim ulated clustergalaxieswith no background galaxies.
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Fig.5.| Angularpositionsofallthe sim ulated clusterand eld galaxies.
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Fig.6.| Richnessand redshiftofeach ofthesim ulated clusters.In thisview theclusterparam eters
m atch the sam e 8 by 9 grid used in Figure 4.
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Fig.7.| ContourplotofLcoarse com puted from sim ulated data with photom etric redshifterrors
z  0:05.Contourlevelsbegin atLcoarse = 40 and increase by a factorof3 with each subsequent
level.
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Fig.8.| Richnessand redshiftofeach oftheinputclusters(boxes)with theshortlinesindicating
the corresponding valuesdeterm ined from the AM F ne lter.The long curved line indicatesthe
approxim atedetection lim itand iscom puted by inserting Lcut = 40 into equation (12)and solving
for asa function zc.
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Fig.9.| Richnessand redshiftofeach oftheinputclusters(boxes)with theshortlinesindicating
the corresponding valuesdeterm ined from the AM F ne lter.The long curved line indicatesthe
approxim atedetection lim itand iscom puted by insertingLcut = 100 intoequation (12)and solving
for asa function zc.
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Fig. 10.| Richness and redshift of each of the input clusters (boxes) with the short lines
indicating thecorresponding valuesdeterm ined from thenelter.Thelong curved lineindicates
the approxim ate detection lim it and is com puted by inserting Lcut = 300 into equation (12) and
solving for asa function zc.
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Fig. 11.| Redshift error as a function ofredshift for allthe detected clusters. Dashed lines
indicatethe1- errorrangecom puted from thesedata,which from top to bottom are0.014,0.025
and 0.023.
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Fig.12.| Fractionalrichnesserrorasa function ofredshiftforallthe detected clusters.Dashed
linesindicate the 1- range errorcom puted from these data,which from top to bottom are 0.13,
0.12 and 0.14.
